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Abstract. PbTiO3-based nano-scale dots and tubes have received a great deal of attention owing to their 
potential applications to nonvolatile memories and multi-functional devices.  As for the size effect of 
180o stripe domains in ferroelectric thin films, there have been extensive reports on the thickness-
dependent domain periodicity. All these studies have revealed that the domain periodicity of 180o stripe 
domains scales with the film thickness (d) according to the classical Landau-Lifshitz-Kittel (LLK) 
scaling law down to the thickness of ~2 nm.  In the case of PbTiO3 nanodots, however, we obtained a 
quite striking correlation that for the thickness less than a certain critical value, dc (~35 nm), the domain 
width even increases with decreasing thickness of the nanodot, which surprisingly indicates a negative 
value in the LLK scaling-law exponent. On the basis of theoretical considerations of dc, we attribute this 
anomalous domain periodicity to the presence of a nonferroelectric surface layer, in addition to the finite 
lateral-size effect of a ferroelectric nanodot.  
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1. Introduction  
Ferroelectrics are receiving a great deal of attention because of their technological promise in leading 
toward miniaturized and efficient memory devices [1]. Like other ferroics, ferroelectrics are 
characterized by domain structures. Various forms of ferroelectric materials, such as ceramics, single 
crystals and thin films, exhibit a variety of different domain structures which include a stripe, mosaic, or 
vortex to minimize the total free energy which is composed of competing depolarization and domain-
wall energy terms [2-10].   
Ferroic domains that are ordered along one unique direction but with opposite polarity or magnetic 
moment are called 180o domains. It has long been known that the width of 180o stripe magnetic domains 
closely follows the so-called Landau-Lifshitz-Kittel (LLK) scaling law [11]. This law was later extended 
to ferroelectric domains by Mitsui and Furuichi [2].  According to the scaling law, the domain width (w) 
is directly proportional to the square root of the crystal thickness (d), namely, ,gdAw =  where A is a 
proportionality constant and g  is the scaling-law exponent (= 1/2).  
Till now, extensive theoretical studies [3,12-16] have been carried out to examine the validity of the 
LLK scaling law on ferroelectric multiple domains, in conjunction with a variety of experimental studies 
done by employing various methods that include x-ray scattering [5,6], piezoelectric force microscopy 
[10], and scanning transmission electron microscopy [12].  All these studies reveal that the LLK scaling 
law with the exponent around 1/2 is valid down to the thickness of ~2 nm [5,14,15], except for one 
interesting study reported by Catalan et al [10]. According to their study, the domain size of multiferroic 
BiFeO3 thin films having irregular domain walls is substantially larger than those of other ferroelectrics 
having the same thickness and the observed scaling-law exponent )(g  of 0.59 deviates quite 
substantially from its normal value of 1/2.  They correlated the former with a strong magnetoelectric 
coupling at domain walls while attributing the latter to a fractal-like Hausdorff dimension [10].   
Among numerous ferroelectrics, lead titanate (PbTiO3; PTO hereafter) has been most extensively 
studied and is known as a prototype of robust displacive ferroelectrics without exhibiting any over-
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damping of the resonance-type soft phonons [17,18]. Currently, PTO-based nano-scale dots and tubes 
have received a great deal of attention owing to their potential applications to high-density nonvolatile 
memories and multi-functional devices [19,20].  As for the size effect of 180o stripe domains in PTO 
thin films, there have been extensive reports on the thickness-dependent domain periodicity [5,6,13-15].  
All these studies reveal that the domain periodicity of 180o stripe domains scales with the film thickness 
(d) according to the classical LLK scaling law down to the thickness of ~2 nm [5,14,15]. On the contrary, 
a theoretical solution of the Laplace equation for rigorously evaluating the depolarizing-field energy 
suggests that the LLK scaling law does break for the thickness less than a certain critical size, dc [21]:  
the domain width (w) even increases with decreasing thickness below dc.  
In view of the above discrepancy between the theoretical prediction [21] and the experimental 
observations [5,14,15], it is of great scientific importance to experimentally clarify whether there exists 
any critical thickness (dc) below which the LLK scaling law is no more valid.  Until now, however, the 
validity of the LLK scaling law for 180o stripe ferroelectric domains has been experimentally tested 
using thin films [5,6,10,12-15] where the lateral dimension (L) is practically infinite.  Considering this, 
we have critically examined the effect of the lateral dimension on the validity of the LLK scaling law 
using ferroelectric PTO nanodots having a variety of different lateral sizes.  
Herein we present a quite striking experimental result that the thickness-dependent domain width of 
the PTO nanodot does not obey the LLK scaling law but is characterized by a negative exponent ( 0<g ) 
below a certain critical thickness, dc. On the basis of theoretical considerations of dc, we have concluded 
that the existence of a ferroelectrically inactive surface layer, in addition to the finite lateral-size effect, 
should be taken into account to properly explain the difference in the scaling behavior between 
ferroelectric films and dots.  
 
2. PbTiO3 nanodots with ferroelectric 180o stripe domains 
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A ferroelectric PTO nanodot array was fabricated on a Nb-doped SrTiO3 (STO) substrate using the dip-
pen nanolithography (DPN) method [figure 1(a)].  This method had been successfully used in the 
fabrication of PTO nanodots having a variety of different lateral sizes [20].  Figure 1(b) shows atomic 
force microscopy (AFM) images of PTO nanodots with several different size classes. These DPN-
formed nanodots are rectangle-shaped, indicating a high degree of crystallinity. From the high-resolution 
transmission electron microscopy image, we confirmed that these PTO nanodots are characterized by the 
tetragonal 4mm (C4v) symmetry with the polar c-axis perpendicular to the substrate plane [20].   
As shown in figure 1(c), the dimension (thickness, side length) of the nanodot can be controlled by 
adjusting the dip-pen deposition time. For a short deposition time (< 1 sec), the lateral dimension (side 
length) increases rapidly while the thickness increases rather steadily with increasing deposition time. 
For the four PTO nanodots labeled A, B, C, and D [figure 1(b)], piezoelectric hysteresis loops were 
measured by employing piezoelectric force microscopy (PFM) at a frequency of 10 kHz.  As shown in 
figure 1(d), d33 value decreases while the coercive electric field increases with the lateral size, which 
presumably reflects size-dependent depolarization effects [20]. 
To examine the effect of the lateral dimension on the validity of the LLK scaling law, PFM 
measurements were carried out for a series of PTO nanodots having a variety of different lateral sizes 
ranging from 45 nm to 500 nm. PFM images were observed using a high-resolution electric force mode 
of the PFM, where a platinum-coated Si3N4 cantilever tip was employed. Figure 2(a) presents PFM 
images of the five selected PTO nanodots with different lateral sizes. The PFM images indicate that 
regardless of the lateral dimension, the PTO nanodots grown on a Nb-doped STO substrate are 
characterized by ferroelectric 180o stripe domains.  
The PFM line profile of the PTO nanodot having a lateral dimension of 185 nm is shown in figure 
2(b) as an example. This line profile demonstrates that the nanodot is composed of nine 180o stripe 
domains.  Figure 2(c) presents the AFM line profiles of the four selected nanodots [A, B, C, and D; 
figure 1(b)] showing that the thickness of the nanodot increases with the lateral dimension. Similar to 
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the present nanodots, 180o stripe-domain structures were also observed in epitaxially grown PTO films 
(on STO substrates) for the film thickness down to ~2 nm [5]. 
 
3. Anomalous domain periodicity observed in PbTiO3 nanodots  
We now focus on the correlation between the domain width (w) and the dot thickness (d). In the case of 
PTO thin films, there is a good linear correlation between wlog  and dlog  with the scaling exponent 
)(g  of 1/2 [figure 3], which closely follows the LLK scaling law of gdAw =  [5].  On the contrary, the 
PTO nanodots exhibit a quite striking correlation. For d > 35 nm, the PTO nanodots also follow the 
scaling law with the estimated exponent of 0.52. However, the domain width even increases with 
decreasing thickness for d < 35 nm [figure 3]. This kind of surprising results has never been observed in 
ferroelectric thin films. 
To clarify the main cause of the striking result observed in the PTO nanodots, we have theoretically 
considered the effect of the lateral dimension on the difference in the scaling behavior between a 
nanodot and a thin film and consequently examined the possibility of occurrence of the anomalous 
domain periodicity for the dot thickness less than a certain critical value (dc).  For this purpose, we first 
formulated the Gibbs free-energy of a ferroelectric nanodot (having a finite lateral dimension) as a 
function of the domain width and obtained a modified LLK scaling law that accounts for, at least 
qualitatively, the observed anomalous domain periodicity for d < 35 nm.   
 
4. Gibbs free-energy function of a ferroelectric nanodot 
Let us consider a ferroelectric nanodot (i.e., nano-rectangle) having a dimension of dLL **  with the 
domain width of w, as schematically depicted in figure 4. Then, the Gibbs free-energy function of a 
ferroelectric nanodot with respect to that of a paraelectric nanodot (at given T and P) can be written in 
terms of ,, dw  and L as  
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where mD  denotes the difference in the bulk free energy between the paraelectric and ferroelectric 
phases at given T and P, namely, 0>-ºD oferro
o
para GGm  and depGD  designates the depolarization-field 
energy per unit area.  On the other hand, ws  in equation (1) denotes the domain-wall energy per unit 
area whereas ss  represents the surface tension of four side faces of a retangular nanodot having the area 
of dL*  per face.  Here ss  can be viewed as the excess surface free energy (per unit area) of the 
ferroelectric rectangle [ ]),( PTs  with respect to the surface tension of the paraelectric rectangle ( ps ) 
having the same dimension, i.e., .),( ps PT sss -º   Thus, the last term takes care of the excess surface 
free energy of a nano-rectangle having six mutually orthogonal faces.  For simplicity, we assume that 
,ss ss ¢=  where ss ¢  denotes the excess surface free energy of top (or bottom) surface of a retangular 
nanodot.  
According to the Landau-Ginzburg theory, the difference in the free energy between ferroelectric 
and paraelectric states can be expanded in terms of P (polarization order-parameter) and its gradient as  
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where k  denotes the Ginzburg gradient-energy coefficient. In equation (2), c  (below the Curie 
temperature) and x  are negative while z  is positive for a displacive ferroelectric that undergoes a 
discontinuous first-order phase transition [22]. From equation (2), one can deduce the following 
expression for the equilibrium bulk polarization ( )2oP  under the condition of zero gradient: 
)3(
2
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z
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Substituting equation (3) into equation (2) yields the following expression that relates mD  with the 
Landau expansion coefficients (i.e., dielectric stiffness coefficients):  
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Considering equation (2), one can evaluate ws  by carrying out the following integration if the 
polarization profile across the domain wall, )(xP , is well established (e.g., =)(xP  )(tan wo lxhP , where 
lw denotes the half width of the domain wall) [3,14]:  
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The second expression of equation (5) is valid for a symmetrical domain boundary.  
Let us now return to equation (1). Substituting wn  for L and dividing dotGD  by L2, one obtains the 
following expression for the Gibbs free-energy of a ferroelectric nanodot per unit area ( GD ):  
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where the first two terms in the right-hand-side of equation (6) represent the free energy of the single-
domain state per unit area ( sdGD ) whereas the last term denotes the domain-wall energy ( wGD ) of a 
nano-rectangle having the dimension of .** dLL   depGD  in equation (6) represents the depolarizing-
field energy.  Let us now define the following parameter for future convenience [21]: 
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ze  in equation (7) denotes the relative dielectric permittivity along the unique polarization axis, i.e., ce  
for PTO.  Then, wGD  can be rewritten in terms of R and c as  
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Similarly, sdGD  can be rewritten using R and c as  
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On the other hand, the following complicated expression of depGD  can be obtained by solving the 
Laplace equation under suitable continuity conditions for the electric field (E) and the dielectric 
displacement vector (D) [21]:  
{ }
)10(),(
2
)(cot1
1
2
sin18
2
2
,...2,1
2
32
2
gRfdP
Rmhg
m
mR
gdPG
zo
o
mzo
o
dep
ee
p
pee
º
ú
û
ù
ê
ë
é
+÷ø
öç
è
æ÷
ø
öç
è
æ=D å
¥
=  
where g is defined by .zzx cg eee =º  The term, ,22 zoo dP ee  represents the energy of a plate condenser 
per unit area having thickness d, filled by a dielectric with the permittivity ze  and carrying surface 
charges .oP±  On the other hand, ),( gRf  is a dimensionless function which is equal to the terms inside 
the parenthesis of equation (10). 
According to Kopal, Bahnik, and Fousek [21], there exists a certain critical film thickness above 
which the electrostatic interaction of the domain surfaces can be neglected. This thickness is given by  
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For ,cdd >  depGD  can be simplified by the following well known expression [2,14,21,23], instead of 
the complicated expression presented in equation (10):  
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5. A modified scaling law for ferroelectric nanodots  
Under the condition of cdd >  (i.e., “thick” plates approximation), equation (6) can be written explicitly 
using equation (12) as  
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Then, one can obtain the following expression for the equilibrium domain width of a ferroelectric 
rectangle (dot) by setting ( ) 0=¶D¶ dwG :  
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The last expression of equation (14) represents an asymptotic scaling law under the condition of 
¥®n  and, thus, corresponds to a thin film having an infinite lateral dimension.  As expected, this 
asymptotic law correctly reproduces the classical dw -2  scaling law. However, the first expression of 
equation (14) indicates that the dw -2  scaling law may not be valid for a nanodot where n is a small 
integer and depends on d.  
One cannot neglect the mutual electrostatic interaction between the domain (plate) surfaces for the 
dot thickness smaller than dc.  In this case, equation (12) should not be used to evaluate .depGD  Instead, 
one can derive a modified scaling law by exploiting equations (8), (9), and (10) and subsequently by 
setting .0)/( =¶D¶ gRG  To do this, let us first evaluate ( ) .gdep RG ¶D¶  In doing this, one has to consider 
the following two obvious relations: ( ) 12/sin2 =pm  for m = 1, 3, 5 .… (odd integers) and 
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( ) 02/sin2 =pm  for m = 2, 4, 6 .… (even integers). Incorporating this result into equation (10), one 
obtains the following expression of ( ) :
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Substituting this equation into the requirement that { } 0=¶D+D+D¶ RGGG depwsd , one can eventually 
obtain the following non-classical relation between w and d for d < dc : 
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Equation (16) clearly indicates that the simple dw -2  scaling law is no more valid for d < dc.  According 
to equation (16), the domain width even increases with decreasing d [21], which successfully accounts 
for the observed anomalous domain periodicity [figure 3] for d < 35 nm (dc).  It is interesting to note that 
the last expression of equation (16) which is asymptotically valid for n = ∞ (infinite lateral dimension) 
exactly coincides with the modified scaling equation proposed previously for thin films [21].  
 
6. Effect of the lateral dimension on the critical thickness  
Though the anomalous behavior of the domain periodicity (for d < dc) can be explained by adopting 
equation (16), we still have one important question to be resolved in the case of thin films: Why does 
the classical dw -2  scaling law describe the domain periodicity well down to the thickness of ~2 nm ?  In 
other words, why is the critical thickness (dc) not observed down to ~2 nm in the case of thin films ?   
To answer this question, we have considered the most prominent difference between a nanodot and a 
thin film, which is the lateral dimension (L), thus, the number of domains, n.   
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In the case of thin films where the lateral dimension (L) is practically infinite, the critical thickness 
(dc) for neglecting the electrostatic interaction of the domain surfaces is given by equation (11) [21].  
We will then deduce the corresponding expression of the critical thickness for a ferroelectric nanodot 
( )(dotcd ) where L or n is finite.  To do this, we first assume that the domain width at dc is proportional to 
)(dotcd  itself. Thus, one can establish that ,)()( dotcdotc dkw =  where k is a proportionality constant. By 
exploiting this proportionality and equation (14) in the vicinity of dc, one can eliminate )(dotcw  from this 
relation and obtain the following expression for :)(dotcd  
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where cn  denotes the number of distinct domains in the nanodot having the critical thickness, .)(dotcd  
k2-term appeared in the first expression of the above equation was eliminated in the second expression 
by comparing equation (11) with the first expression in the asymptotic thin-film limit where .¥®n  It 
is worth noting that the last expression of equation (18) corresponding to the asymptotic thin-film limit 
does coincide with equation (11) which had been deduced by Kopal and co-workers for thin films [21]. 
Comparing the second expression of equation (18) with equation (11), one obtains the following 
difference in the critical thickness between a nanodot having n distinct 180o domains and a thin-film 
having an infinite lateral dimension:  
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This equation predicts that the asymptotic value of the above ratio in the limit of nc → ∞ (i.e., thin film) 
is 1 as expected. One can qualitatively estimate )( filmcd  using equation (19). Taking ( ) 2/1»ws ss , as 
used in equation (5), and plugging cn = 3 and )(dotcd ≈ 35 nm into equation (19), one predicts that 
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( ) »*= )()( 43 dotcfilmc dd  26 nm which is in direct disagreement with the observation that  <)( filmcd 2 nm 
[5,14,15].  This suggests that dc is actually determined by some factor other than the lateral-size effect 
described in this section.  In other words, the lateral-size effect alone cannot account for the observation 
that <)( filmcd 2 nm.   
 
7. A ferroelectric nanodot with nonferroelectric surface layers  
According to the result of the previous section, the observed difference in the w2-d scaling behavior 
between a film and a nanodot [figure 3] cannot be explained by the critical-thickness model as 
quantified in equation (19). To resolve this puzzling problem, we postulate the presence of a 
ferroelectrically inactive surface layer with the thickness of .ld  This postulation is based on the 
experimental observations of a thin nonferroelectric surface layers in perovskite-based ferroelectrics 
such as BaTiO3 [24-26]. According to the experimental estimate by transmission electron microscopy, 
the thickness of this surface layer is around 10 nm [25].  First-principles calculations [27,28] and phase-
field simulations [29] also support the existence of a surface relaxation layer. In the case of first-
principles studies [27,28], however, a substantially smaller value of the surface layer (~1 nm) is 
predicted.  The size-dependent depolarization effects on d33 and Ec, as shown in figure 1(d), also suggest 
the presence of a nonferroelectric surface layer. The most important effect of this postulation is 
considered to be the compensation of the depolarizing field [30] by the lateral surfaces of a nanodot.  
Let us define ld  as the thickness of the ferroelectrically inactive layer on the four side surfaces of a 
nano-rectangle and td  as the thickness of the nonferroelectric layer on the top surface. On the other hand, 
bd  is defined as the thickness of the ferroelectrically inactive layer on the bottom surface which is 
compensated by free charge from the bottom conducting substrate, Nb-doped STO. Then, the Gibbs 
free-energy function ( )dotG¢D  of a ferroelectric nanodot having nonferroelectric surface layers (with 
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respect to a paraelectric nanodot of the same size) can be obtained by suitably modifying equation (1) 
under the presence of nonferroelectric surface layers, namely,  
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The second term in the right-hand side of equation (20) implies that the nonferroelectric surface layers 
do not contribute to the free energy as these layers can be regarded as paraelectric layers (reference 
phase). On the other hand, ,2 wPoa  appeared in the third term indicates that the depolarizing-field 
energy in equation (20) is accurate for d ≥ dc.  fps  appeared in the fifth term denotes the interfacial 
tension between the ferroelectric nanodot and the paraelectric surface layer. The last term is practically 
zero as ,0),( =-=-¢º¢ pvpvpvs PT sssss  where pvs  is the surface tension at the vapor-paraelectric-layer 
phase boundary This is because dotG¢D  is expanded with respect to the free energy of the paraelectric 
nanodot having the same size.  
The presence of the ferroelectrically inactive surface layer significantly reduces (i) the bulk free-
energy difference between the paraelectric and ferroelectric phases ( mD ) and (ii) the depolarizing-field 
energy [30] by a factor of ( ) 222 LL ld-  (geometry factor). Variations of G¢D  caused by other effects 
(i.e., domain-wall energy + ferro/para interfacial energy) are relatively less important. Considering these, 
one can establish the following approximate relation for the Gibbs free energy of a ferroelectric nanodot 
(per unit area): 
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For simplicity, let us assume the following equality: .dddd º== lbt   By adopting this equality and 
substituting the obvious requirement of wnLL l =-=- dd 22  into equation (21), one obtains the 
following expression of G¢D  in terms of nw and d :   
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where  g(w) in the above equation denotes the geometry factor.  Thus, we have  
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Then, the modified equilibrium domain width (in the presence of a ferroelectrically inactive surface 
layer) can be found by taking a partial derivative of G¢D  with respect to w, namely, ( ) .0/ =¶¢D¶ dwG   
However, direct partial differentiation of equation (22) leads to a very complex relation in which the 
equilibrium domain width )( eqw¢  cannot be expressed analytically in terms of the relevant physical 
parameters that include ,,, nd d  and L.  This complication comes from ( ) .)( dwwg ¶¶   Thus, let us make 
some simplification to obtain a useful approximate relation for .eqw¢    From equation (23), one obtains 
( ) ( ) ( ) )24(0
44
2
4)( 3
2
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æ=<
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=¶¶
wnwwn
wn
wn
wnwwg dd
d
d
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The last approximate expression of equation (24) comes from the fact that  .wn<<d   Thus, g(w) in 
equation (22) can be treated as a constant when taking partial differentiation with respect to w.  Then, 
using equation (22) and ( ) ,0/ =¶¢D¶ dwG  one obtains the following analytical expression for the 
modified equilibrium domain width in the presence of a nonferroelectric layer of the thickness d :  
( ) )25(41
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eq
s
s
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d  
 16
It is interesting to note that the above equation reduces to equation (14) as .0®d  Thus, equation (25) 
can be viewed as a modified LLK scaling law for a ferroelectric nanodot, which takes into account the 
presence of a nonferroelectric surface layer of the thickness .d   
We are now in a position to examine the difference (or ratio) in dc between a film and a nanodot in 
the presence of a nonferroelectric surface layer. Again, we use the following proportionality: )(dotcw¢  
.)(dotcdk ¢=   By exploiting this proportionality and equation (25) in the vicinity of ,cd ¢  one can eliminate 
)(dotcw¢  from this proportionality relation and obtain the following relation:  
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The left-hand-side of equation (26) can be replaced by the following linearity approximation:  
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Using equation (27), one obtains the following linear approximation for the critical thickness.  
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where k2-term appeared in the first expression was eliminated in the second expression by comparing 
equation (11) with the first expression in the asymptotic limit of ¥®n  and  .0®d  Thus, the last 
expression of equation (28) corresponds to the asymptotic thin-film limit ( )( filmcd= ) and does coincide 
exactly with equation (11).  
Accordingly, we have the following ratio for the critical thickness in the presence of a non-
ferroelectric surface layer with the thickness :d   
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where dR  denotes the ratio of the two critical thicknesses in the presence of a nonferroelectric surface 
layer of the thickness .d  The most prominent difference between equation (19) and equation (29) is the 
introduction of a geometry term, { }2)2( d-cc LL  in equation (29), which always enhances .dR   More 
importantly, equation (29) tells us that both the existence of a nonferroelectric layer of the thickness d  
and the finite lateral-size effect determine ,dR  thus .)(dotcd ¢   Taking ( ) 2/1»wfp ss  and plugging cn = 3, 
Lc ≈ 45 nm, and ld  ≈ 17 nm into equation (29), one obtains )( filmcd ¢  of 1.57 nm (< 2 nm), which 
qualitatively explains the observed validity of the LLK scaling law down to ~2 nm [5,14,15].  We thus 
conclude that the existence of a nonferroelectric surface layer, in addition to the lateral-size effect (n), 
should be taken into account to properly explain the difference in the scaling behavior between 
ferroelectric films and nanodots. 
  
8. Conclusions  
In conclusion, for the dot thickness larger than the critical value (dc) of ~35 nm, the width of 180o stripe 
domains scales with the thickness according to the LLK scaling law.  For the dot thickness smaller than 
dc, however, we obtain a quite striking correlation that the thickness-dependent domain width is 
characterized by a negative exponent (i.e., 0<g ).  On the basis of theoretical considerations of dc, we 
attribute this anomalous domain periodicity to the existence of a nonferroelectric surface layer, in 
addition to the finite lateral-size effect of a ferroelectric nanodot.  
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* Figure Captions  
 
Figure 1. (a) Dip-pen nanolithography of PbTiO3 nanodots on a Nb-doped SrTiO3 substrate. (b) An 
AFM image for PbTiO3 nanodot array having four different size classes. The array was formed by a dip-
pen nanolithography method. (c) Side length and thickness of PbTiO3 nanodots as a function of the dip-
pen deposition time. (d) d33 value and the coercive electric field (Ec) plotted as a function of the nanodot 
size, where A, B, C, and D indicate the dot size presented in (b). 
 
Figure 2. (a) PFM images of the five selected PbTiO3 nanodots with different lateral sizes. (b) A PFM 
line profile of the PbTiO3 nanodot having a lateral dimension of 185 nm as an example. (c) AFM line 
profiles of the four selected PbTiO3 nanodots with different lateral sizes, where A, B, C, and D denote 
the lateral size (i.e., side length) of 45, 60, 100, and 150 nm, respectively.   
 
Figure 3. The thickness-dependent domain periodicity (w) of the PbTiO3 nanodot is compared with that 
of the epitaxially grown PbTiO3 film.  Data for the thin films (blue colour triangles) were taken from 
Phys. Rev. Lett., 89 (6), 067601 (2002).   
 
Figure 4.  A schematic representation of 180o stripe domains in a given nanodot, where L, w, and d are 
described in the text.   
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